Time-resolved, pump-probe measurements are used to directly interrogate dissipative fluid dynamics in bulk He-II, on molecular scales, as a function of temperature and pressure. The Rydberg transitions of the triplet He 2 * excimers, which solvate in bubble states in liquid helium, are used as nanoscale transducers to initiate and to directly monitor the motion of the fluid in the form of damped oscillations of a 13 Å spherical bubble. The oscillations are damped out after one period, with a temperature-dependent period that directly tracks the normal fraction. As such, the bubble oscillator acts as a nanoviscosimeter. Through simulations of the observed signals, it is established that the coherent response of the bath obeys hydrodynamic equations of motion of a continuum subject to two-fluid flow. Dissipation occurs through two distinct channels: ͑a͒ Radiation of sound in the farfield, driven by the acceleration of volume in the compressible fluid; ͑b͒ temperature-dependent drag in the near-field. The drag can be considered to be strictly viscous in origin, or due to ballistic scattering of rotons from the bubble edge. The experiments do not distinguish between these two microscopic models. With this caveat in mind, it can be concluded that for these breathing modes of bubble states, the macroscopic concepts of superfluidity scale down to molecular dimensions. The simulations also yield effective potentials that describe the coupling between the compressible Rydberg electron and the compressible fluid.
I. INTRODUCTION
One of the most direct manifestations of quantum collective dynamics on macroscopic scales is superfluidity, which occurs naturally in liquid 4 He below its -point phase transition at 2.17 K. 1, 2 The unusual properties of this phase ͑He-II͒, such as its vanishing viscosity, suprathermal conductivity, and thermomechanical effect, are well explained by the phenomenological two-fluid model that was advanced by Landau, 3 soon after the discovery of the effect by Kapitza. 4 The model postulates that He-II is composed of temperaturedependent fractions of normal fluid and superfluid, the latter having zero viscosity and entropy. The first direct verification of two types of flow in He-II was provided by Andonikashvili, who used a rotating disk viscosimeter to measure the temperature dependence of the normal fraction. 5 The model is rooted physically by associating the normal fraction with the thermally populated elementary excitations ͑phonons and rotons͒, while the superfluid fraction is associated with the ground state condensate. Otherwise, both the defining observable of inviscid flow and the successful twofluid model, are inherently macroscopic in their nature. To what extent do these concepts remain useful on microscopic molecular scales? We address this query most directly, through experiments designed to characterize microscopic flow. This is accomplished through time-resolved pumpprobe measurements in bulk He-II, 6 using Rydberg transitions of the molecular He 2 * centers as transducers to initiate and monitor motion of the fluid. We then consider the extent to which the observable liquid dynamics can be understood in terms of the dissipative equations of motion of two-fluid flow ͑viscous and potential͒. To carry out the experiments, we have devised optical strong-field excitation as a convenient method for preparing the triplet He 2 * excimers in bulk He-II. 7 To understand the coupling between the molecular centers and the liquid, we have presented accurate calculations of the interaction between He atoms and the triplet He 2 * in its various Rydberg states, 8 and detailed their solvation structure and energetics. 9 These serve as a background. Here, we attempt to extract all system parameters from the experiment.
The quest for microscopic manifestations of superfluidity, 10 and the harnessing of their consequent implications, are among the motivations of the flourishing field of molecular spectroscopy in LHe. [11] [12] [13] [14] Key to the development of this field has been the advent of methods for injecting foreign atoms and molecules in solid, liquid, [15] [16] [17] and cluster He. 12, 14 Of these, the cluster beam approach has been particularly fruitful. Through the pickup technique, 18 the seeding of superfluid He droplets with a large variety of molecular impurities has been possible, and many special features of the LHe environment have been highlighted. The droplets are very cold and inert, 19 so that delicate molecular states, such as the quartet state of Na 3 , may be stabilized. 20, 21 Their high cooling capacity forecasts novel molecular engineering, 22 nicely exemplified by the demonstration that HCN assembles in long linear chains, as opposed to the more stable tighter complexes that form in the absence of the a͒ bath. 23 That the droplets are superfluid is very likely to play a role in these and similar observations. However, this nature is not directly elucidated by the experimental observables. Superfluidity of the heterogeneous droplet can be inferred from simulations, 24 on the basis of microscopic definitions such as particle-particle exchange lengths, 25 or quantized circulation, 26 which are not experimentally observable. Hence, the discovery of well-resolved rovibrational spectra, 27 indicative of nearly free rotation of the molecular impurity, has generated excitement as a possible microscopic reporter of superfluidity. It is in this context that the experiments on OCS doped helium clusters were presented by Toennies et al. as the microscopic version of the Andronikashvili experiment. 28 They observed that OCS undergoes nearly free rotation in droplets of 4 He, which are superfluid; while based on the loss of spectral definition, it was concluded that the molecule does not rotate in droplets of 3 He, which are normal. Moreover, in mixed 3 He/ 4 He clusters, a shell of ϳ60 4 He atoms around the molecule was sufficient for the resumption of rotation, to conclude that two solvent shells were sufficient to establish microscopic superfluidity. That the 4 He droplet acts as an inviscid bath in response to molecular motions is to be inferred from the contrast between 4 He and 3 He clusters. Otherwise, the information content in the molecular spectra about the bath is convoluted in line shapes, a unique interpretation of which is a nontrivial challenge. Indeed, Kagan et al. have argued that the spectral difference in 4 He versus 3 He clusters can be understood in terms of Bose versus Fermi statistics of accessible states, rather than superfluidity. 29 Further, they point out that in the absence of flow proper the phenomenon may not be observable in finite size clusters. This does not contradict the fact that the spectra may be modeled through irrotational hydrodynamics, 30 or quantum path integral Monte Carlo simulations to extract properties such as the superfluid fraction, according to microscopic definitions. 31 It is simply that, without further information regarding the bath, spectroscopically detected free rotation does not, in itself, imply superfluidity. To be sure, the very sharp rovibrational spectra of small impurities isolated in solid hydrogen do not imply that the solid host is fluid. 32 Not withstanding the elegance of the cluster experiments, and the important insights that have developed from the theoretical analysis of the large spectroscopic database that has emerged, there are important reasons to resort to measurements in the bulk. Principle among these is the elimination of finite size effects inherent to clusters, all implications of which may not be fully appreciated. The size of the cluster dictates the long-wave cutoff of the phonon dispersion curve and curtails flow. The boundary limits radiative modes of dissipation and introduces surface ripples as new dissipation channels. Moreover, the preparation of He droplets through evaporative cooling limits the accessible thermodynamic state variables to a single point on the P-T plane, Tϭ0.38 K ͑Tϭ0.15 K is accessed in mixed 3 He/ 4 He clusters͒. This leaves open the issue of the onset of microscopic superfluid behavior, and precludes direct connections with the characteristic temperature and pressure dependence of the macroscopic phenomenon. To our knowledge, our experiments are the first of their kind. They are conducted in the bulk, as a function of temperature and pressure. We monitor dynamics of the fluid as it modulates the electronic energy spacings of a molecular chromophore, as opposed to monitoring internal motions of a molecular probe. We follow motion of the fluid through time domain measurements, which is essential to follow dissipative dynamics in condensed media.
Due to the self-purifying nature of LHe, molecular spectroscopy in bulk He is limited to studies of the intrinsic electronic excitations, to atomic, He*, and molecular, He 2 * , Rydberg states. 33 Based on analysis of line shapes, and the observation of rotational structure in selected He 2 * transitions, it had been established that as in the case of excess electrons, 34, 35 both atomic 36, 37 and molecular 38, 39 Rydberg states form solvation bubbles around them. In essence, the strong Pauli exchange repulsion between outer electron and He forces the liquid to recede, to form a microcavity around the excited center. Moreover, it had been established that the excimers undergo nearly free rotation, with rotational relaxation times of 1 ms. 40 While this would not be surprising for angularly isotropic bubble states, rotation also occurs in strongly anisotropic states. 9 These findings have been revisited and confirmed in more recent studies. 41, 42 Notably, all of the known spectral observables of the molecular centers evolve continuously across the phase transition, without a signature for the role of the superfluid phase. The same holds for Rydberg transitions of atomic impurities, which exhibit broad spectral profiles. [43] [44] [45] Dephasing limits the information content of frequency domain spectra to the instantaneous forces between chromophore and bath, without providing clues about modes and mechanisms of dissipation, which are essential to characterize the nature of the bath. To obtain information about the system at times beyond the electronic coherence window, it is necessary to resort to time-domain methods, and, in particular, to pump-probe measurements, as amply demonstrated in other condensed phase systems. 46 Our experimental paradigm is straightforward. We rely on the triplet He 2 *-bubble states to measure the liquid response attendant to the sudden promotion of a Rydberg electron. The potential energy curves of the relevant states, as a function of bubble radius, are collected in Fig. 1 . These curves are based on ab initio pair potentials, and density functional methods for describing the fluid. 9 The metastable He 2 * a 3 ⌺ u ϩ (2s), which occurs in a spherical bubble of 6.9 Å radius, serves as our initial state. Although this is the lowestenergy electronically excited state in LHe, at 18 eV above ground, it lies in the windowless XUV. Nevertheless, by taking advantage of the intense electric fields generated in ultrashort laser pulses, the excimers can be prepared optically, through controlled strong-field ionization and recombination processes. 7 Under repetitive strong-field irradiation, a steadystate concentration of He 2 (a) is sustained. A short laser pulse is then used to promote the 2S electron from the 3 a state, ϳ10 ms after preparation of the excimer, after complete thermalization. Vertical excitation from the equilibrium geometry of the bubble will necessarily lead to a repulsive interaction with the liquid ͑see Fig. 1͒ . The bubble must expand to accommodate the excited electron, and must undergo damped oscillations until reaching equilibrium on the excited state. A time-delayed copy of the pulse is used to probe the effect of the excitation, relying on the 3 d→ 3 b fluorescence as a signal. To the extent that the energy gap between the various Rydberg states depends on the bubble radius, the electronic resonances will be modulated as the bubble oscillates. It is the damping of the oscillations of the bubble that we seek, since this would describe dissipation in the fluid. As we show, a unique interpretation of the underlying dynamics can be extracted from the experimental signals, using twofluid hydrodynamics, and without the benefit of any auxiliary input. In the companion paper, we carry out time-dependent density functional simulations of the same system, using ab initio input parameters. 47 In what follows, in Sec. II, we describe the experimental details; and in Sec. III we collect the main experimental observations. A detailed analysis of the observations is given in Sec. IV, as we develop the inescapable conclusions serially. A discussion of the most significant results is revisited in the Conclusions in Sec. V.
II. EXPERIMENT
The experiments are conducted in an Oxford liquid helium cryostat equipped with five sets of optical windows, yielding a base temperature of 1.45 K under saturated vapor pressure. Temperature is controlled to Ϯ0.05 K with a wire heater, and by throttling the helium pump. Experiments were conducted in the temperature range from 1.45 K to the point, where advantage is taken of the extremely high thermal conductivity of He-II. This ensures that the excitation volume returns to complete thermal equilibrium in less than 10 Ϫ7 s. 48 A reproducible generation of the excimers below the threshold for laser breakdown can only be accomplished below the superfluid transition temperature. To measure the effect of applied external pressure on the dynamics, a LHe pressure cell equipped with four sapphire windows was designed to fit inside the cold shaft of the cryostat. He gas was fed into the cell through a 1/4 in. tube, allowed to liquify at the base temperature of 1.6 K and maintained under controllable pressure in the range from 0 to 5 atm.
The time-resolved pump-probe measurements to be reported are single colored. We use the output of a regeneratively amplified Ti-Sapphire laser ͑ϭ790 nm, FWHMϷ20 nm͒, with a pulse width of ϳ80 fs. The majority of the conducted experiments are two-pulse measurements, in which the laser beam is split into two nearly equal intensity pump and probe arms. An optical delay of up to 4 ns is introduced in one arm, using a retroreflector cube mounted on a 1.2 m translation stage. The pump and probe beams are then recombined colinearly using a beamsplitter, and are focused through the same lens to maximize their overlap in the liquid. The signal consists of the induced fluorescence over the He 2 *( 3 d→ 3 b) transition at 640 nm, which is collected perpendicular to the excitation axis using a two lens relay, dispersed through a 1/4 m monochromator, and detected with a photomultiplier.
A detailed analysis of the steps that lead to the strongfield preparation of the Rydberg states of He 2 * have already been given. 7 As a first step, controlled ionization of the liquid helium is achieved by a subcritical cascade of electrons that are ponderomotively accelerated by the laser field ͑80 fs, 790 nm, 10 13 a) by the pump pulse, is observed by the probe pulse through two-photon-induced fluorescence over the 3 d→ 3 b transition as a rising background ͑Fig. 2͒. This component can be easily separated from the pump-probe signal of He 2 *( 3 a) generated by the previous pulse, by subtracting traces obtained at a laser repetition rate of 500 Hz from those obtained at 100 Hz. Since the concentration of excimers that survive over tϭ2 -10 ms from the previous pulse is controlled by diffusion-limited triplet-triplet annihilation C(t)Ϸ1/Kt, their concentration is 5 times smaller at 100 Hz, therefore their contribution to the signal is 5 times weaker. In contrast, the contribution to the signal from excimers freshly generated by the pump pulse is independent of repetition rate. Here we are interested in the time-resolved dynamics of the laser excited excimers after their preparation, as such, the signals of interest are those obtained after the subtraction shown in Fig. 2 . The time inversion asymmetry of the signal in Fig. 2 is due to the unequal intensities in the pump and probe beams. An example of the signal obtained with equal intensity beams, with careful alignment to eliminate beam walkoff by the long delay line, is shown in Fig. 3 along with a magnification of the region around t ϭ0. The required inversion symmetry in such scans enables the assessment of features due to noise. The sharp dip in the signal at tϭ0 seen in the inset of Fig. 3 , is strictly an electronic coherence artifact, an interference between pump and probe beams sensitive to the angle between the two beams.
In another set of experiments, a three-beam arrangement was used. The first, high-power beam generates the excimers, and the two weak beams serving as pump and probe arrive ϳ10 ns later ͑a fixed optical delay͒ to interrogate the dynamics of the excimers generated by the first beam. The delay between the weak pump and probe beams is varied using a computer-controlled translation stage. The obtained signals, now without the rising background, were identical to those obtained with the two-beam setup after the subtraction scheme. However, the signal-to-noise ratio in this arrangement was significantly poorer than that obtained in the twobeam setup. The three-beam experiments are sensitive to the noise arising from the pulse-to-pulse variation in the concentration of excimers generated by the pump pulse. In the twobeam experiment, the number of excimers interrogated 2 ms after production is determined mostly by the bimolecular annihilation kinetics, Cϰ1/Kt, which is essentially independent of the initial concentration produced by the previous laser pulse. Thus, the bimolecular triplet-triplet annihilation kinetics provides a ''noise filter'' in these measurements.
III. RESULTS
Examples of the pump-probe signal at different temperatures are shown in Fig. 4 . The signal starts at tϭ0 as a maximum. It then decays on the time scale of 4 ps, and reappears at ϭ140-200 ps, albeit with reduced amplitude and broadened to a FWHM of ϳ30 ps. The tϭ0 signal arises from the solvent configuration fixed by the initial 3 a state, therefore from a bubble of radius Rϭ6.9 Å. The decay of the signal occurs during evolution of the solvent on the excited state, therefore, during the expansion of the bubble. The recursion in the signal must, accordingly, be associated with the recompression of the bubble to reach its initial configuration. The time of this recursion, , yields the breathing period of the bubble. Only one recursion is observable, indicating that the bubble oscillation is fully damped after one period of motion. More precisely, since the signal-to-noise ratio at the first recursion is ϳ5, if there is a second recursion, its amplitude must be a factor of 5 weaker.
As the temperature is raised, the recursion time increases and its amplitude is reduced ͑see Fig. 4͒ . We discover that the temperature dependence of the breathing period tracks that of the normal fraction, n (T)/, as illustrated in Fig. 5 . In the temperature range of the experiment, to a good approximation, the normal fraction can be given as a power law: n (T)/ϭ(T/T ) 5.72 . 49 Similarly, the data can be empirically fit to the form 
with 0 ϵ(T→0)ϭ146Ϯ2.3 ps, ϵ(TϭT )ϭ575 Ϯ32 ps, and nϭ5.9Ϯ0. 9 .
Measurements were carried out as a function of pressure, starting from the saturated vapor pressure ͑0.569 Torr at 1.6 K͒, 1 up to three atmospheres. The observed signals are shown in Fig. 6 . The breathing period of the bubble shows a linear dependence on pressure, as illustrated in Fig. 7 . As the pressure is increased, the signal weakens without changing its overall shape. The pressure-induced quenching of the 3 d state fluorescence is well documented previously, 50 and we have suggested that this may arise from penetration of the liquid into the nodal region of the Rydberg 3S electron in this state. 9 The fact that the shape of the signal is not affected by pressure would imply that the relevant pump and probe windows remain unchanged along the nuclear coordinates.
Measurements were carried out at the saturated vapor pressure, as a function of the relative polarization between pump and probe lasers. When normalized, signals obtained with parallel and perpendicular polarization are indistinguishable. Their absolute magnitudes are comparable. These single color experiments were also carried out as a function of color. Using a slit in the oscillator compressor, the Ti:Sapphire laser pulses were stretched to 200 fs, and tuned from 780 to 810 nm. Within this tuning range, the signal profiles are insensitive to color. Measurements were also carried out as a function of the intensity of one beam, while the other is kept fixed ͑e.g. the data of Fig. 3 versus Fig. 4͒ , to establish that the monitored 3 d→ 3 b fluorescence is two-photon induced.
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IV. ANALYSIS AND DISCUSSION
A. The pump-probe resonances
Given the stack of Rydberg states that are accessible with short intense pulses from the 3 a state, and the fact that we are carrying out single color experiments at relatively high intensities, the assignment of the pump and probe windows that yield the observable signal is not immediately obvious. Consultation of the potential energy curves of the relevant Rydberg states shown in Fig. 1 of all states that are dipole connected with significant detunings from one-photon resonances ͑all electronic states shown in Fig. 1͒ will be prepared. While the population transferred to 3 c is a sensitive function of the time-intensity product of the laser, the population transferred to the 3 d state can be shown to be fairly robust. 47 Under a large range of intensities, the population becomes nearly exclusively divided between the 3 a and 3 d states, which are separated by a twophoton resonance at 780 nm. This is consistent with the observation that the 3 d fluorescence has quadratic dependence on the laser intensity. Due to the large volume of the 3 e, 3 f , and higher Rydberg electrons, the states above 3 d are dramatically blue shifted when the liquid is held at its equilibrium structure on the 3 a state. However, upon expansion of the bubble past 10 Å on the 3 d state, the laser becomes resonant with the ionization limit ͑see Fig. 1͒ . The observed pump-probe signal can therefore be expected to arise from fluorescence depletion. At tϭ0, the 3 d state is prepared, and observed through its prompt fluorescence over the 3 d→ 3 b transition. As the bubble expands, the probe laser ionizes the 3 d state, depleting the observable fluorescence. This presumes that the thermalized electron-hole pairs recombine predominantly on the lowest triplet surface, namely the 3 a state, as had previously been inferred. 7 As the bubble recompresses, the ionization limit is dramatically shifted up in energy, the resonance is lost, and the fluorescence resumes.
It is easily established that the internal coordinates of the excimer do not participate in the observed recursions. The vibrational period of the excimer is ϳ20 fs ( e ϭ1500 cm Ϫ1 ), 51 significantly shorter than the width of the laser pulse. As such, the laser prepares the excimer in its vibrational eigenstate. The absence of polarization dependence rules out contributions of molecular rotation to the signal, which in any case would evolve on the time scale of Ͻ2 ps (Bϭ7 cm Ϫ1 ).
51
These considerations provide the rationale for the observable signal, and give state assignments that will turn out to be consistent with the observed dynamics. Nevertheless, except for the mechanism of observing bubble dynamics by the present experimental approach, in what follows we will not have recourse to the specifics of the above arguments. Instead, we will extract all pertinent information regarding energetics and dynamics through the analysis of the experimental signals.
B. Hydrodynamic mass, size, and shape of the bubble
Let us focus on the most prominent feature of the signal, the observed recursion that occurs on the time scale of 150-200 ps, which was already identified as the breathing period of the bubble on the electronically excited state. The observed period betrays a large oscillator mass, which can be reconciled with that of a ϳ10 Å bubble if hydrodynamics were assumed to hold on this length scale. 52 Thus, assuming harmonic motion, ϭ2(/K) 53 Using the density of the liquid, ϭ0.1448 g cm Ϫ3 , the deduced mass leads to the estimate R e ϭ13 Å for the equilibrium radius of the bubble on the excited state. This coincides with the calculated equilibrium radius of the bubble in the 3 d state ͑see Fig. 1͒ . Independent of that, the estimate would seem reasonable in view of the known equilibrium radius of an excess electron in LHe of 17.2 Å, 54 and the expectation that the Rydberg electron must be more compact due to the presence of the He 2 ϩ ion core. With the same token, it is possible to establish that the observed motion is that of a monopole ͑spherically symmetric breathing mode͒, rather than quadrupole or higher poles that would be excited if Rydberg states other than lϭ0 were accessed. For harmonic multipolar distortions of a bubble internal to an ideal liquid, subject to the restoring force of surface tension, the period of motion is given as
with nϭ2 representing the quadrupolar mode. 56 A period of 150 ps would now imply a bubble radius of 26 Å, which is unacceptable, since this is significantly larger than the radius of the bare electron in LHe.
We may conclude the following: ͑a͒ The observed period identifies the motion as that of the monopolar breathing of a bubble of ϳ13 Å radius, consistent with what would be expected for a liquid He cavity formed around an excited lϭ0 Rydberg state ͑the 3 d state͒. ͑b͒ The period is consistent with the hydrodynamic mass of the bubble and the macroscopic value of surface tension, which suggests that the fluid can be considered as a continuum on the length scale of the boundary motion of the bubble.
͑c͒ The observation of a recursion in the signal implies coherence in nuclear coordinates, despite the strong dissipation that can be inferred from the reduced amplitude upon recursion, i.e., the bath response consisting of the equivalent of /m He ϳ750 helium atoms distributed in the liquid, maintains vibrational coherence.
To understand the essential features of the observed dissipative dynamics, our task is greatly simplified, in that the problem is reduced to the one-dimensional breathing of a sphere in the liquid. In much of the development to follow we will be concerned with the one dimensional problem of the time evolution of the bubble radius, R(t).
C. Adiabaticity of the observable motion
Although a redundancy in terminology, since bubble motion corresponds to the adiabatic component of a hydrodynamic disturbance, 57 it is useful to establish that the velocities involved in the observable displacement of the liquid fall in this limit. Pump-probe signals, S(t), obtained with pulses that are not phase locked, can be understood in terms of the time-dependent overlap of the evolving density, (R;t), with stationary resonance windows, W(R): S(t) ϰ͐ W(R)(R,t)dR. The initial decay of the signal occurs with a half-life of ϳ5 ps. This fluorescence depletion must occur as the bubble radius expands out of the initial thermal distribution of radii projected by the pump window. Thus, a resonance window width of ⌬Rϳ1 Å, given by the thermal amplitude of the bubble radius R in the 3 a state, can be assumed. Accordingly, we may estimate that in its fastest phase of motion, the bubble expands at a velocity of Ṙ ϳ20 m s Ϫ1 . Since this velocity is below the Landau critical velocity of c ϭ60 m/s, the motion of the bubble cannot create elementary excitations in the liquid. 58 Since the velocity of the fluid must decay ͑quadratically͒ as a function of distance from the bubble edge, we recognize that velocity of the fluid everywhere is small in comparison to the speed of sound, (r)/cӶ1 (cϭ230 m/s). This is the criterion for adiabaticity of motion, which in turn implies that 59 ͑a͒ the normal and superfluid densities, n and s of He-II, are separately conserved; ͑b͒ dissipation will be governed by terms linear in velocity; ͑c͒ in the near-field, for rϽ c , where c is the wavelength of sound, the fluid can be treated as incompressible. This, in turn, implies that in the near-field ͑vis-cous͒ drag is the only source of dissipation.
Based on the estimated hydrodynamic mass, ϳ750 m He , the requirement of adiabaticity of motion, Ṙ Ͻ60 ms Ϫ1 , can only be met for kinetic energies below ϳ400 cm
Ϫ1
. The repulsive wall accessed vertically from the initial 3 a state dictates the energy imparted to the bubble. If this is in significant excess beyond the adiabatic limit, then dissipation through shock waves is to be expected. Shocks do not constitute a direct observable in the fluorescence depletion measurements, since they do not modulate the electronic resonances of the chromophore during the probe period. Although we are solely concerned with the experimentally observable dynamics of the bubble, we recognize that this may be preceded by the generation of shock waves. 
D. Dissipation due to two-fluid drag in the near-field
The most direct evidence that the microscopic bubble dynamics reports on the superfluidity of the bath, is the observation that the breathing period of the bubble is directly proportional to the normal fraction, as illustrated by the data of Fig. 5 . Such a behavior would be expected if the motion were damped by the drag experienced from the normal fraction. To see this, recall that for a harmonic oscillator damped by friction, Q ϩ(4/ )Q ϩ(2/)Qϭ0, the observed period, Ј, is related to the natural period, , and the damping time constant, , through
Although the breathing motion of the bubble is far from harmonic, it would nevertheless be expected that the period will stretch as a function of increasing drag, as approaches the natural period . The connection between the drag experienced by the microscopic bubble and the macroscopic viscosity of the fluid is central to our inquiry. As such, we develop it with some care.
In the linearized dissipative equations of motion of twofluid hydrodynamics, 59 which is validated by the adiabaticity condition, the superfraction behaves as an ideal fluid:
while the normal fraction obeys the Navier-Stokes equation:
where and represent the shear and second viscosities of the normal fluid. Since we are interested in the irrotational motion of a monoplole, "Ãvϭ0; and since the (r)/cӶ1, we may assume the liquid to be incompressible in the nearfield, ""vϭ0. Then, the right side of ͑5͒ drops, and the motion of the fluid is prescribed through the velocity potential, vϭv s ϭv n ϭ"(r,t). With this substitution, we may sum ͑4͒ and ͑5͒ to obtain
where ϭ n ϩ s has been used. For an incompressible fluid, the velocity potential consistent with the spherical boundary conditions, (rϭR)ϭṘ and (rϭϱ)ϭ0, is
Substituting this in ͑6͒, and after integrating over the volume between the limits of bubble edge and infinity, we obtain
where we have identified P(rϭϱ)ϭ P ext and have recognized that at rϭϱ the pressure is the sum of partial pressures of normal and supercomponents. At the boundary layer, the internal pressure of the inviscid fraction is simply given by the force potential, U(R):
͑9͒
For the normal fraction, only if it is assumed to be a continuum on the length scale of relevance, the radial component of the stress is the sum of the internal pressure on the fluid and its reactive pressure due to internal friction P ϭϪ rr ϭ P int Ϫ2(‫ץ/ץ‬r). 61 This, at the boundary layer, reduces to
Combining ͑9͒ and ͑10͒, we obtain the two-fluid equation of motion ͑EOM͒ for the breathing of the bubble:
It is valuable to note that the dissipative term in this EOM arises from the viscous drag on the boundary layer. Otherwise, the spherical symmetry of the motion ensures the absence of shearing in the bulk.
The hydrodynamic EOM ͑11͒ should be valid for a macroscopic bubble or, to the extent that both normal and superfractions act as continuums. It is necessary to establish the validity of this assumption for the normal fraction. In the microscopic picture, the normal fraction consists of the excited state density for which the wave function is orthogonal to the ground state condensate. Let us focus on the rotons, since they determine the viscosity of He-II in the temperature range of the experiment. 2 We expect the continuum assumption to be valid, when the de Broglie wavelength associated with the thermal drift of rotons exceeds their mean separation, i.e., r N r Ϫ1/3 у1, where N r is the number density of rotons; and r ϭh r /kTϷh c /kTϭ28 Å/K. Using the Landau-Khalatnikov expression for N r , 62 it can be determined that r N r Ϫ1/3 ϳ1 near Tϭ1.5 K. Thus, based on this criterion, rotons ͑and therefore the normal fraction͒ may be regarded to be a continuum for TϾ1.5 K, i.e., in the experimental range. In essence, the wave density of excitations is sufficiently delocalized to collectively react to changes in the boundary, with the moving boundary defined by the breathing of the bubble.
If we regard the normal fraction as the thermal population of quasiparticles, the validity of the continuum assumption becomes questionable. In this case, for the notion of a viscous response to be valid, the scattering length between quasiparticles must be small in comparison to the length scale of relevance, which is established by the breathing amplitude. The roton-roton scattering length, l r , varies between 4.3 and 25 Å over the range Tϭ2.15 and 1.5 K.
2 Thus, at the lower-temperature limit l r becomes comparable to the diameter of the bubble of 20-30 Å. In this limit, a gas kinetic treatment of drag would seem more appropriate. The sought quantity is the incremental pressure of rotons at the boundary layer, due to motion of the boundary. For a number density N r of thermally populated rotons, assuming point particles, the incremental collision rate between bubble and rotons is 4R 2 Ṙ N r . Taking for the momentum transfer in these elastic collisions ⌬p r ϭϪ2p r , the sought reactive pressure can be obtained as
in which, consistent with the assumption of point-particle rotons, we have used the ideal gas relation ϭ 1 2 l r . To be more exact, the interaction pseudopotential between quasiparticles must be included to obtain the interparticle scattering cross sections. In the Khalatnikov-Landau treatment of quasiparticles, r ϭ(/10) r r l r is found to be insensitive to the details of assumed potentials, since the roton-roton scattering occurs from the repulsive roton core of ␦ϭ1-2 Å. 63 Similarly, considerations for the microscopics of rotonbubble scattering would suggest a correction to ͑12͒. However, it is difficult to establish this correction. 64 We will instead note the gas kinetic viscosity by a prime, Ј, and search for experimental guidance as to the magnitude of such a correction.
Despite the different concepts employed in arguing for the drag experienced by the microscopic bubble to be ballistic or viscous in origin, the dynamical implications are difficult to distinguish experimentally. To make a direct comparison between the predictions of the two models, substitute 1/l r ϭ(1/l )ͱT /T r / in ͑12͒, and after equating the normal density with that of rotons, obtain the EOM in the ballistic drag limit:
This result should be compared with ͑11͒ for the case of viscous drag. In both cases, dissipation is strictly due to the last term. Since in the range Tϭ1.45-2.17 K, the viscosity of the normal fraction ϭ1.15ϫ10
Ϫ5 P is nearly a constant, 2 we may obtain the temperature-dependent damping times, , predicted by the two limiting cases:
, for viscous drag;
, for ballistic drag,
͑14͒
in which the overbars indicate cycle averaging. The experimentally determined power law for the temperature dependence of the observed period is nϭ5.9Ϯ0.9, which within its error bars is the same as what is predicted for the damping times in either model ͑14͒. However, in contrast with the harmonic case ͑3͒, a linear relation 1/Ј ϭ1/ 0 Ϫ1/ (T) is suggested by the experiment. To understand this empirical finding, it will be necessary to take the full anharmonicity of the motion into account, now explicitly including the interaction potential U(R) in the treatment, and taking account of compressibility in the farfield. This we carry out through numerical simulations below. Accepting the empirical finding, if the damping constant ϵ(T ϭT )ϭ575Ϯ32 ps obtained from the experimental fit to ͑1͒ is interpreted in the viscous model, R ϭ14.5Ϯ1 would be obtained. This is consistent with the estimated equilibrium radius of the bubble of 13 Å, since due to the R 3 dependence of the hydrodynamic mass, the cycle-averaged radius must be larger than its equilibrium value. If the experimental value of were interpreted in the ballistic limit, and Јϭ were assumed, then the unacceptable value of R ϭ34Ϯ2 would be obtained. A correction factor, Јϳ0.3, would render the predictions of the two models indistinguishable.
Quite clearly, a quantitative analysis of the entire pumpprobe transient, rather than just the recursion period, would be valuable. Nevertheless, we should recognize that experimentally, it will not be possible to distinguish between the two microscopic models of drag.
E. Dissipation through radiation of sound in the farfield
While the drag on the bubble drops by an order of magnitude as the temperature is dropped from 2.15 to 1.45 K, and its effect on the period can be seen to level off, the motion remains strongly damped. This can be inferred from the reduced amplitude of the recursion at 1.45 K and the absence of a second recursion. The remaining channel of dissipation must arise from the compressibility of the liquid, which was hitherto ignored. Since (r,t)Ӷc, the near-field contribution to dissipation via this channel must necessarily be small in comparison to that of viscosity. However, in a compressible liquid, an accelerating volume dissipates power radiatively, by generating sound in the farfield. 61 The effect can be estimated from the power dissipated by a harmonic monopole:
where the angle bracket contains the cycle-averaged acceleration of volume. Using the observed period, the estimated front velocity and bubble radius, a dissipation rate of 10 2 cm Ϫ1 per period is obtained, i.e., radiation of sound alone is sufficient to damp the adiabatic motion of the bubble within one or two periods. Since sound emission is contingent only upon compressibility, it is in effect temperature independent, and should persist even at Tϭ0 K, where the superfluid fraction reaches unity. The outward radiation of sound results from its finite velocity, which introduces a phase lag between edge of the bubble and displacement of the liquid in the farfield. The effect is taken into account using the retarded velocity potential, (r,t)ϭr Ϫ1 f ͓tϪ(r ϪR)/c͔, which for the conditions RӶ c and rӷR can be well approximated by (r,t)ϭR 2 Ṙ (tϪR/c)/r. With this substitution in ͑6͒, and noting that the constant density front moves at the retarded time tЈϭtϪr/c, the Herring equation of motion for a bubble in a compressible liquid is derived. 65, 66 Note that in the near-field the retarded potential reduces to the incompressible limit ͑11͒, making it clear that the drag on the boundary layer remains as before. The Herring equation, now including the two-fluid drag in the hydrodynamic limit, becomes
where
In the ballistic limit the last term in ͑16a͒ must be replaced by the dissipative term developed in ͑13͒. This constitutes the final form of the EOM used in the analysis of the experimental transients. The same equation for the case of a viscous single fluid ͑setting n /ϭ1 in the last term͒ has been implemented in the analysis of nonpolar solvation in classical liquids.
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F. Numerical simulations
The unknown in ͑16͒ is the effective force potential, U(R), which describes the coupling between the excimer and the liquid in the excited state. We expand the effective force potential as a polynomial about the minimum, R e . A fourth-order polynomial,
with parameters ͑energy and length in cm Ϫ1 and Å units͒
To reproduce the observed signal, we use the now standard approach for treating pump-probe data. 46 An ensemble of N trajectories is propagated according to the hydrodynamic EOM ͑16͒, and inverted assuming a detection window. In the fluorescence depletion picture, the signal must disappear as the bubble stretches out of its initial equilibrium value on the 3 a state. A sufficiently flexible window function that describes the effect is:
͑18͒
We use R*ϭ10.5 Å and ␣ϭ0.75 as the location and turnover range of the window. The initial conditions of the trajectories are specified by the thermal distribution of bubble radii on the 3 a state, which is represented as a Gaussian spatial distribution centered at Rϭ7 Å. The simulated signals are overlaid with the data in Fig. 4 . The reproduction of the experimental signal profiles and their temperature dependence are nearly perfect. The same potential leads to an equally satisfactory fit to the data using the ballistic drag ͑13͒ by setting Јϭ0.25.
Given the good agreement between experiment and simulation, let us explore the dissipative two-fluid dynamics that governs the motion of the bubble. The essence can be understood by inspecting the three trajectories shown in Fig.  8 , along with their associated energy loss plots and portraits of velocity versus radius, given in Figs. 9 and 10. In the absence of dissipation, the motion is anharmonic due to the R 3 dependence of the hydrodynamic mass. At Tϭ1.45 K, dissipation is entirely governed by the radiation of sound, the rate of which is proportional to acceleration ͑of volume͒. Accordingly, the energy loss occurs predominantly along the repulsive wall, where the potential gradient is largest and volume acceleration is greatest. Sound cannot be emitted at constant flow, therefore, the radiative energy loss is minimal along the flat part of the potential. Radiation elongates the period of motion from its natural value of 90-145 ps, and damps it out in two periods. At Tϭ2.15 K, drag due to the normal fraction has a significant incremental contribution to dissipation, elongating the period to 200 ps, and damping it in 1 period. Since this contribution is proportional to veloc-ity, it dominates where the velocity would have reached its highest value, namely, on the flat portion of the potential. Radiation prevents the bubble from reaching the critical Landau velocity of 60 m/s, which is reached in the absence of dissipation.
Albeit convoluted with the window function, the pumpprobe transients check important segments of this dynamics. The initial decay in the experimental signal tracks motion of the packet on the repulsive wall, as it enters the probe window. The recursion measures the spread of the initial packet and its velocity as it exits the window, after dissipation over a full cycle of motion. The drag in the near-field leads to the temperature dependent dissipation, which appears as period elongation. The quartic potential, with its positive anharmonicity, is necessary to reproduce the linear dependence of the period on normal fraction.
All parameters of the fourth-order expansion in ͑17͒ are well determined by the requirements of reproducing the transients and their temperature dependence. Two of the simulation parameters are independently checked: the potential minimum at 13 Å and the initial value of the trajectory at 7 Å, are in very good agreement with the calculated bubble radii on the 3 d and 3 a states, respectively. 9 It remains to consider the information content in the extracted potential. The pressure dependence studies are informative in this respect.
G. Pressure dependence and the experimentally determined effective interaction potential
The effect of external pressure would be to add the volume work, PVϭ P(4/3)R 3 term to the potential in ͑17a͒. To reproduce the observed linear dependence of the breathing period on pressure, it is additionally necessary to include a pressure-dependent correction of the linear coefficient in ͑17b͒. By taking c 1 ϭϪ12Pϩ1.33P
2 ͑with P in atm, and c 1 in cm Ϫ1 Å Ϫ1 ͒, the experimental recursion times are reproduced to within their error bars. Representative potential curves are illustrated in Fig. 11 , along with the implied shift in their minima shown in the inset. Pressure has a global effect. Besides the obvious cubic contribution to the attractive branch, the linear correction implies simultaneous stiffening of the repulsive wall. The net effect on the equilibrium radius of the bubble is insignificant up to 1 atm, but the radius shrinks from 13 to 12.2 Å between 1 and 3 atm. These results can be qualitatively understood by considering the origin of the potential.
The potential, U(R), defines the nondissipative force ‫ץ‬U/‫ץ‬R acting on the bubble surface, due to the many-body He 2 * -He and He-He interactions. Motions that are significantly faster must adiabatically follow the breathing of the bubble. This includes breathing of the Rydberg electron density el (rЈ;R); and the strongly correlated bath defined through its spatial density profile, He (r;R). Note that the interfacial region will have significant thickness, of several Å, 9 and the bubble radius used so far must be associated with the barycenter of the liquid interface:
In its simplified form, the cavity formation energy in the liquid can be expressed as
͑20͒
Here, V(͉rϪrЈ͉) may be identified as the electron-helium pseudopotential; the last two attractive terms are the work expended against interfacial tension and volume; and the second term is the quantum kinetic energy due to the gradient of the interface ͑quantum pressure͒. 68 Given the external pressure, the contribution of PV work to the potential is straightforward provided that we recognize that this will also lead to an increase of the liquid density everywhere. A detailed analysis of the microscopic surface tension shows that for small changes in R, it is possible to approximate ␥S ϭ4␥ЈR 2 with ␥Јϭ0.72␥ ϱ , where ␥ ϱ is the macroscopic coefficient of tension for a flat surface (␥ ϱ ϭ0.18 cm Ϫ1 Å Ϫ2 ). 9 The remaining first two terms in ͑20͒ are strongly correlated. The kinetic term must oscillate as the bubble breadths: it increases due to thinning of the interface as the bubble compresses against the electron, and decreases as the interface thickens when the bubble expands. The Rydberg electron, especially for diffuse states, is also compressible; therefore its density is modulated by the oscillations of the bubble. The repulsion between electron and liquid results from the double convolution of the electron and liquid density profiles, as expressed by the first term in ͑20͒. We can therefore understand the pressure dependence of the extracted equilibrium radius. At low pressure, PϽ1 atm, the interfacial kinetic energy increases by steepening of the interface about its barycenter, with little change in the bubble radius. As the pressure is increased above 1 atm, the barycenter moves in, now by compressing the electron. This strong coupling between electronic and nuclear coordinates implies nonadditivity of pair interactions, as already recognized. 8 An approximate decomposition of the experimentally obtained effective potential is possible. The contribution dominated by the electron-helium interaction may be obtained by subtracting the PV and ␥ЈS contributions from the experimental U(R). This is shown in the inset to Fig. 12 . Assuming a heaviside function for the liquid density profile, therefore including the quantum pressure in the surface tension term in ͑20͒, the effective He 2 * -He potential, can be extracted:
͑21͒
This is shown in Fig. 12 , for the meaningful range visited by the trajectories, Rϭ7 -17 Å. The effective pair potential has a long tail of a few cm Ϫ1 between 10-20 Å, with a characteristic shelf-type structure. This is qualitatively to be expected for the 3 d state of He 2 * , since in this state the bubble is retained by the extranodal electron density of the 3S Rydberg electron. 9 In contrast with the frequency domain spectra of Rydberg transitions, the time-dependent measurements are significantly more informative about the details of this FIG. 11 . Effective bubble potentials extracted from the dynamics, at different pressures. The potential minimum, which defines the equilibrium radius of the bubble, is plotted as a function of pressure in the inset. The energy offset in the plots is arbitrary .   FIG. 12 . The effective interaction potential between the excimer and the liquid. In the inset, the decomposition of U(R), by subtracting the effect of surface tension and pressure, is shown to highlight the repulsive wall dominated by the electron-helium interaction. Deconvolution of the He density, assumed to be a Heaviside function, yields the effective pair interaction potential between the excimer and He atoms. delicate interaction. Given the weak and diffuse nature of the interaction, reliable quantitative ab initio analyses of the coupling between a compressible electron and liquid are difficult to obtain. The extracted effective potential, which averages out the interfacial motion, should be quite useful in connecting the present analysis to treatments that rigorously take the interfacial dynamics into account.
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V. CONCLUSIONS
Through time-resolved measurements of the coherent, damped oscillations of a 13 Å bubble in He-II, we establish that for these breathing modes, the fluid can be described as a continuum that obeys two-fluid hydrodynamics down to the scale of the boundary motion of ϳ10 Å. The temperature-dependent breathing period of the bubble tracks the normal fraction, just as in the case of the damped oscillations of the macroscopic disk viscosimeter used by Andonikashvili. 5 To the extent that the normal fraction carries the viscosity of the fluid, the bubble serves as a nanoviscosimeter, and directly yields the T-dependent vanishing viscosity of the fluid, now on microscopic scales. A significant finding of this study is that bulk viscosity can be successfully applied to flow on the nanometer length scale.
Whether the drag experienced by the bubble in the nearfield can be associated with viscosity proper, or arises from the ballistic scattering of rotons from the bubble boundary, is a meaningful microscopic distinction. In the first case, we may conclude that the macroscopic two-fluid model identically scales down to molecular lengths. The experimental data can be fit under the assumption of viscous response, using the macroscopic viscosity of the fluid, without any further adjustment. The data can also be fit using the ballistic drag model, by using the scattering cross section of rotons from the bubble boundary as an adjustable parameter. Although the power law for the temperature dependence of damping is different ͓see Eq. ͑14͔͒, the data does not have the required accuracy to resolve this difference. As such, the experiment leaves room for speculation. The ballistic model would be expected if excitations are considered as quasiparticles, characterized by their interparticle scattering length. However, this notion must break down on molecular scales, where the spatial extent of the excitations cannot be ignored. We have argued that if we were to take the de Broglie size of rotons into account, then in the range of the study T Ͼ1.5 K, the normal fraction constitutes a continuum. In the wave-dynamic picture, more appropriate in the microscopic limit, the excitation continuum would imply that the wave function orthogonal to the superfluid senses the boundary, and therefore will react to any changes in it. The collective reaction of the excited state density would imply a viscous drag, albeit due to the wave excitations of the quantum fluid. Indeed, an understanding of the scattering of rotons from molecular centers would be quite valuable in developing a complete description of molecular dynamics in a superfluid bath.
In addition to drag in the near-field, a major channel of dissipation in the breathing motion of the bubble is the radiation of sound, due to the acceleration of volume in the compressible fluid. Since this process depends on compressibility alone, it is nearly independent of temperature and will remain active even at 0 K. This contribution to dissipation can be reduced by considering volume-conserving shape distortions, such as would be accessible through ⌬lϭ1 Rydberg transitions that conserve principle quantum number ⌬nϭ0. More generally, the radiation of sound can be expected as an important channel of dissipation in all extended media, solids and liquids, but not in small clusters.
Despite the strong dissipation, the liquid response remains coherent on time scales of 200 ps ͑and length scales of the order of wavelength of sound͒. This unusual behavior for a liquid must be associated with the quantum nature of the bath and its Bose statistics. The latter establishes the continuity scale in terms of the long-range off-diagonal density overlap, 69 which leads to the phononlike behavior of liquid 4 He up to the length scale of internuclear distances. Thus, the response to molecular scale perturbation will be extended to the length scale of the wavelength of sound. As long as the fluid represents a continuum subject to a single velocity of first sound, its collective adiabatic dynamics may be reduced to that of a single-particle density through the Madelung transform. 70 Clearly, a single-particle density may not decohere. These are implicit assumptions in treating the fluid through classical continuum mechanics, 68 as opposed to multiparticle molecular dynamics, which would be necessary to describe a Fermi liquid.
The direct interrogation of the nature of the fluid on microscopic scales is afforded by the relatively simple coupling between the spherical molecular probe (lϭ0) and the bath. The interaction between a Rydberg electron and He is essentially repulsive. As such, the probe presents a simple boundary to the liquid, and to a good approximation, it is the motion of the liquid as a result of the sudden change of the boundary that is observed rather than the probe. The effective potential that describes the coupling between the liquid and the excimer, was extracted from the dynamics. Wrapped in this effective potential are the motions that adiabatically follow the breathing of the bubble. These consist of the breathing of the liquid interface and the electron density. Their effect is recognized in the pressure dependence of the effective potential. The obtained potential minimum of 13 Å and the shelflike structure of the deconvoluted pair interaction, are consistent with those expected in the 3 d state of He 2 * .
